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Abstract 
Previously developed droplet heating and evaporation models, taking into account temperature gradient, recirculation, 
and species diffusion within droplets, and their application to the analysis of commercial automotive fuel droplets are 
reviewed. It is shown that the most efficient analysis of Diesel fuel droplet heating and evaporation is based on the 
MDQD (multi-dimensional quasi-discrete) model, taking into account the contribution of all groups of hydrocarbons in 
automotive fuels. The main features of this model are summarised and its new application to the analysis of droplets 
in Diesel engine-like conditions, taking into account time-dependent velocities, is described. In the MDQD model, 
Diesel fuel is approximated by six groups of components: alkanes, cycloalkanes, bicycloalkanes, alkylbenzenes, 
indanes & tetralines, naphthalenes, and three characteristic components C19H34 (tricycloalkane), C13H12 (diaromatic), 
and C14H10 (phenanthrene). It is shown that errors in estimated temperatures and evaporation times in typical Diesel 
engine conditions, using the approximation of Diesel fuel by 15 quasi-components/components compared to the case 
when all 98 components are taken into account, are up to 1% and 3%, respectively. This is acceptable in most 
engineering applications. This approximation has also reduced CPU time by about 6 times compared with the case 
when the contribution of 98 components is taken into account. The approximations of Diesel fuel with n-dodecane 
(widely used in engineering modelling) and 20 alkane components lead to under-prediction of the evaporation time by 
over 50% and 22%, respectively. 
 
Introduction 
Diesel fuel droplet heating and evaporation are crucial processes leading to fuel auto-ignition and combustion in 
internal combustion engines. The accuracy of modelling of these processes is important for improving the design of 
these engines [1–3]. Various approaches to the modelling of fuel droplet heating and evaporation are discussed in [1–
14]. 
Previous studies have mainly focused on two approaches to modelling multi-component droplet heating and 
evaporation. The focus of the first approach is on the analysis of individual components. These models are known as 
Discrete Multi-Component (DMC), or Discrete Component Models (DCM) [15–22]; they are applicable in the case 
when a small number of components needs to be taken into account. The focus of the second approach is on the 
probabilistic analysis of a large number of components, as in the case of the Continuous Thermodynamics (CT) 
approach [23–30] and the Distillation Curve Model [31–33]. In this family of models a number of additional simplifying 
assumptions have been used, including the assumption that species inside droplets mix infinitely quickly (Infinite 
Diffusivity model) or do not mix at all (single-component model). These assumptions are shown to be too crude for 
modelling realistic automotive fuel droplets [4,7,14,34–36].  
An approach, combining some features of the above-mentioned approaches is suggested in [10,11]. These papers 
describe a methodology for the representation of fuels using a lumping procedure combined with adequate 
thermodynamic and thermophysical models. Such a procedure allows the computation of various thermodynamic and 
thermophysical properties for simulation purposes in internal combustion engines. This approach involves reducing 
analytical data to a few pseudo-components characterised by their molecular weight, critical properties and acentric 
factor (real gas effects were taken into account in this model). 
The quasi-discrete (QD) model suggested in [14], and further developed in [34], has some similarities with the pseudo-
component model described in [10,11]. One of the key advantages of the QD model, compared with the pseudo-
component model, is that the former takes into account the diffusion of quasi-components and thermal diffusion inside 
droplets. The analysis of [14,34] is based on the assumption that the dominant components in automotive fuels are 
alkanes. Large numbers of alkane components have been replaced by a relatively small number of Quasi-
Components (QC) without compromising the accuracy of calculations. The QD model, however, has a number of 
serious limitations, such as the assumption that Diesel and gasoline fuels consist only of n-alkanes and the distribution 
of these components can be approximated by a relatively simple distribution function. In our recent paper [8], the 
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quasi-discrete model has been generalised to take into account the other groups of Diesel fuels in addition to alkanes. 
These groups can be categorised according to the similarity in the physical and chemical behaviour of their 
components. In the next section, the main ideas of the models described in [14,34,8] are summarised. Then, the 
model described in [8] is applied to a more realistic case than the one considered in the original paper, where it is no 
longer assumed that droplet velocities are constant.   
 
The model 
The model used in our analysis takes into account species diffusion inside droplets and finite liquid thermal 
conductivity. Also, recirculations (vortices) in droplets due to the relative velocity between ambient gas and droplets 
are taken into account. The latter effect is taken into account by replacing the finite species diffusivity and finite liquid 
thermal conductivity with Effective Diffusivity (ED) and Effective Thermal Conductivity (ETC), respectively. This model 
is known as the ED/ETC model [2,3,6]. In the original quasi-discrete model (see [14,34]), the contribution of various n-
alkanes is described by the distribution function fm(n): 
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where n is the number of carbon atoms,         , subscripts 0 and f stand for initial and final, M is molar mass, 
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This expression for    follows from the requirement that: 
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Assuming that the properties of hydrocarbons in a certain narrow range of   are close, the continuous distribution 
  ( ) can be replaced with a discrete one, consisting of    Quasi-Components (QC) with carbon numbers: 
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and the corresponding molar fractions: 
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where   is an integer in the range (      ). Note that: 
 
∑   
    
     .                                                                                                                                                              (6) 
 
The choice of    could be arbitrary. It was assumed that all         are equal, i.e. all QC have the same range of 
values of  . For the case when      this approach reduces the analysis of multi-component droplets to that of 
mono-component droplets. These new QC are not the actual physical hydrocarbon components ( ̅  in Equation (5) 
are not integers in the general case). Hence, this model was called a ‘quasi-discrete’ model. These QC are treated as 
the actual components in the conventional DMC model, including taking into account the diffusion of liquid QC in 
droplets. This model was expected to be particularly useful when    is much less than the number of actual species in 
the hydrocarbon mixture. 
There are two main problems with the application of the QD approach to realistic Diesel fuels, the composition of 
which is shown in Figure 1. Firstly, even if the analysis is restricted only to alkanes, it does not appear to be easy to 
approximate this distribution with a reasonably simple distribution function   ( ), given by Expression (1). Secondly, 
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the contributions of the other nine hydrocarbon-groups apart from n-alkanes (see Figure 1), cannot be ignored in any 
realistic model of Diesel fuels. In the model suggested in [8] both of these issues are addressed. 
 
 
Figure 1. Molar fractions of various hydrocarbons versus the numbers of carbon atoms in a representative sample of commercial 
Diesel fuel. Reprinted from [37], Copyright Elsevier (2013). 
 
These are the molar fractions of each group of species, shown in Figure 1: 13.6518% n-alkanes, 26.4039% iso-
alkanes, 14.8795% cycloalkanes, 7.6154% bicycloalkanes, 1.5647% tricycloalkanes, 16.1719% alkylbenzenes, 
9.1537% indanes & tetralines, 8.6773% naphthalenes, 1.2240% diaromatics, and 0.6577% phenanthrenes. For 
simplicity, n-alkanes and iso-alkanes are treated as one group of alkanes due to small differences between their 
thermodynamic properties. The detailed composition of this fuel, apart from tricycloalkanes, diaromatics and 
phenanthrenes, is given in Table 1 [8,37]. 
 
Table 1. Molar fractions of components for Diesel fuel shown in Figure 1. 
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C8 0.308 0 0 0.497 0 0 
C9 3.032 0 0 3.2357 0 0 
C10 5.0541 0.6408 0.6926 5.3584 1.3157 1.9366 
C11 3.163 1.8745 1.0524 0.9492 1.3632 2.529 
C12 2.6156 1.6951 0.9753 1.9149 1.1951 1.4012 
C13 2.5439 1.2646 0.6611 0.6873 1.0652 0.7692 
C14 2.6497 1.3633 0.5631 0.6469 0.8406 0.4879 
C15 3.1646 1.2353 0.4314 0.4782 0.7051 0.3843 
C16 2.6579 1.0449 0.4921 0.4564 0.6684 0.2854 
C17 2.8605 1.0162 0.6529 0.4204 0.5598 0.2072 
C18 3.2403 1.2848 0.6554 0.5234 0.5357 0.2358 
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C19 3.5296 1.3566 0.9901 0.3226 0.3403 0.2151 
C20 2.2338 0.9961 0.1965 0.2848 0.3227 0.2256 
C21 1.443 0.5374 0.0935 0.2032 0.1638 0 
C22 0.799 0.304 0.0701 0.0969 0.0781 0 
C23 0.3972 0.109 0.0488 0.0494 0 0 
C24 0.1903 0.0755 0.0234 0.0473 0 0 
C25 0.0997 0.0445 0.0169 0 0 0 
C26 0.0425 0.0214 0 0 0 0 
C27 0.0309 0.0155 0 0 0 0 
 
The groups with very small contributions (up to 1.5%), tricycloalkanes, diaromatics, and phenanthrenes, were 
replaced with individual characteristic components C19H34 (tricycloalkane), C13H12 (diaromatic), and C14H10 
(phenanthrene). Hence, Diesel fuel can be represented with six groups of species and 3 characteristic components.  
In the new model, the focus is shifted from the analysis of the distribution function to the direct analysis of molar 
fractions of the components. These are described by the matrix    , where   refers to the number of carbon atoms, 
and   refers to the groups (e.g. alkanes) or individual characteristic components (tricycloalkane, diaromatic and 
phenanthrene). The link between the values of   and the groups of components is shown in Table 2.  
 
Table 2. The Diesel fuel groups of components.  
m Group Molar fraction (%) 
1 alkanes 40.0556 
2 cycloalkanes 14.8795 
3 bicycloalkanes 7.6154 
4 alkylbenzenes 16.1719 
5 indanes & tetralines 9.1537 
6 naphthalenes 8.6773 
7 tricycloalkane 1.5647 
8 diaromatic 1.2240 
9 phenanthrene 0.6577 
 
For each   the values of  ̅   of each QC can be introduced as: 
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where       (   ) is the minimal value of   for which      ,       (   ) is the maximal value of   for which 
     , and          ((     ) (    )) . Parameter    is assumed to be integer;      is equal to the 
number of components to be included within each quasi-component, except possibly the last one in the group.    is 
ILASS – Europe 2014, 8-10 Sep. 2014, Bremen, Germany 
assumed to be the same for all QC within group  . If      then      and the number of QC is equal to the 
number of actual components.    and    depend on   in the general case.  
As in the case of the original QD model,  ̅   are not integers in the general case. In the case when mass fractions of 
Components/Quasi-Components (C/QC) with large carbon numbers are small, these C/QC can be merged to form 
single QC. Due to the additional dimensions introduced by the subscript   in Equation (8), the new model is called the 
‘Multi-Dimensional Quasi-Discrete’ (MDQD) model. The minimal number of  ̅   for the groups shown in Table 2 is 9 
(when         for all  ). As in [8], in the current study, optimum reductions in the number of QCs, provided that 
the errors introduced by this reduction are acceptable for practical engineering applications, are investigated. The 
molar fractions of these C/QC are estimated as: 
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Note that in the case when the maximal     , the new approach reduces to the conventional DMC model.  
 
Results and Discussion 
The multi-dimensional quasi-discrete model, described in the previous section was applied to the analysis of heating 
and evaporation of Diesel fuel droplets of an initial radius Rd0= 10 µm and initial temperature T0= 300 K. The ambient 
gas temperature and pressure were assumed constant and equal to 880 K and 3 MPa, respectively. These input 
parameters have been implemented from the conditions used in [8], which are close to those used in [9,33,39] and 
observed in [38]. The velocities of the droplets observed in [38] varied in the range Ud= 10-35 m/s. The observed and 
approximated time-dependence of these velocities are shown in Figure 2. 
 
 
Figure 2. The measured and approximated droplet velocities in the SMD region. 
 
 
The velocities plotted in Figure 2 are derived from the panorama images of the spray interface described in [38]. For 
each position in the panorama, 20 image pairs were captured 700 ms after the start of injection, with a delay of 500 ns 
between the two images of the pair. From each image pair, velocity vectors were computed using a basic single pass 
PIV (Particle Image Velocimetry) algorithm with constant cell size. The first image of a pair and the resulting velocity 
vectors are shown in Figure 3.   
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The velocity vectors were then averaged for each axial position of the spray to obtain a single average velocity per 
position. Since the injection mass flow rate was in steady-state at the timing of acquisition, the axial positions were 
then converted into time, based on the calculated average velocities. The furthest measurement was at 25 mm from 
the nozzle, corresponding to a total transit time of 0.4 ms. The velocities of droplets at times greater than 0.4 ms were 
assumed equal to those at 0.4 ms. Simultaneously, the droplet SMD was determined using the dropsizing technique 
described in [38].  
 
  
Figure 3. Spray image (23 mm from the nozzle) and resulting velocity vectors. 
 
The measured velocities, shown in Figure 2, were approximated by the following expression to facilitate their input to 
the model: 
 
             
                                                                                                                       (9) 
 
The plots of the droplet surface temperatures    and radii    versus time for various approximations of Diesel fuel 
composition are shown in Figure 4. These plots illustrate 4 cases: the contributions of all 98 components are taken 
into account (labelled “(98)”); the contributions of only 20 alkane components, shown in Tables 1 and 2, are taken into 
account (standard approximation used in the original QD model [14,34]) (labelled “(20A)”); the contributions of all 98 
components are approximated by 15 C/QC; and the contribution of only n-dodecane is taken into account. 
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Figure 4. The droplet surface temperatures Ts and radii Rd versus time for three approximations of Diesel fuel composition, taking 
into account the contributions of all 98 components (98); 20 alkane components (20A),15 C/QC (15); and treating Diesel fuel as n-
dodecane. 
 
The mass fractions of various components at the surface of the droplet versus time, for the case when Diesel fuel is 
approximated with 15 C/QC, are shown in Figure 5. As can be seen from this figure, the surface mass fractions of the 
lightest QCs,               ,               , and               , decrease with time, while the surface mass fraction of 
the heaviest QC,               , increases with time.  
 
 
Figure 5. The surface mass fractions      of 11 characteristic and/or dominant C/QC, predicted from the model taking into account 
the contributions of 15 C/QC; these are the C/QC: alkane                (range             ) (1), alkane                (range 
             ) (2), cycloalkane                (range              ) (3), cycloalkane                (range              ) (4), 
cycloalkane                (range              ) (5), bicycloalkane                (range              ) (6), alkylbenzene 
               (range             ) (7), indane or tetraline                (range              ) (8), indane or tetraline                
(range              ) (9), naphthalene                (range             ) (10), tricycloalkane        (11). 
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The effect of temperature gradient inside the droplet is illustrated in Figure 6 for three time instants. 
 
 
Figure 6. The plots of temperature versus normalised distance from the droplet centre (    ) at three instants of time 0.02 ms, 
0.3 ms and 0.5 ms (indicated near the plots) as predicted by the model, taking into account the contributions of 15 C/QC. 
 
The effect of species mass fraction gradient, at three time instants, is illustrated in Figure 7. 
 
 
Figure 7. Mass fractions of alkylbenzene QC                (range             ) and tricycloalkane       , versus normalised 
distance from the droplet centre (    ) at three time instants, 0.02 ms, 0.3 ms and 0.5 ms (indicated near the plots), predicted by the 
model based on the approximation of Diesel fuel by 15 C/QC. 
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Figure 8. The plot of CPU time, required for calculations of droplet heating and evaporation, versus the number of C/QC used in the 
model.  
 
As shown in Figure 4, the approximations of Diesel fuel by 20 alkane components and a single (n-dodecane) 
component lead to under-estimation of droplet evaporation time by more than 22% and 50%, respectively, which are 
not acceptable in many engineering applications. At the same time, the approximation of 98 components of Diesel fuel 
by 15 quasi-components/components leads to under-prediction of this time by less than 3%, which can be acceptable 
in most applications. Also, approximating 98 components of Diesel fuel by 15 C/QC, requires about 1/6th of the CPU 
time compared with the model taking into account the contributions of all 98 components, as shown in Figure 8. 
 
Acknowledgements  
The authors are grateful to the European Regional Development Fund [INTERREG IVa project ‘E3C3’, grant number 
4274] for financial support.  
 
Nomenclature 
   Distribution function of components [-] 
m Groups or components [-] 
  Molar mass [-] 
n Carbon number [-] 
   Number of quasi-components [-] 
R Distance from the centre of the droplet [m] 
Rd Droplet radius [µm] 
t Time [s] 
Ts Temperature at the surface of the droplet [K] 
  Molar fraction [-] 
Ylis Mass fractions of liquid species at the surface of the droplet [-] 
 
Abbreviations 
C/QC Components/Quasi-Components 
CFD Computational Fluid Dynamics 
CPU Central Processing Unit 
CT Continuous Thermodynamics 
DC Discrete Components 
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DMC Discrete Multi-Component 
ETC Effective Thermal Conductivity 
ED Effective Diffusivity 
MDQD Multi-Dimensional Quasi-Discrete 
SMD Sauter Mean Diameter 
QC Quasi Components 
QD Quasi-Discrete 
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